The ultraviolet (UV) light from a host star influences a planet's atmospheric photochemistry and will affect interpretations of exoplanetary spectra from future missions like the James Webb Space Telescope. These effects will be particularly critical in the study of planetary atmospheres around M dwarfs, including Earth-sized planets in the habitable zone. Given the higher activity levels of M dwarfs compared to Sun-like stars, time resolved UV data are needed for more accurate input conditions for exoplanet atmospheric modeling. The Galaxy Evolution Explorer (GALEX ) provides multi-epoch photometric observations in two UV bands: near-ultraviolet (NUV; 1771 -2831Å) and far-ultraviolet (FUV; 1344 -1786Å). Within 30 pc of Earth, there are 357 and 303 M dwarfs in the NUV and FUV bands, respectively, with multiple GALEX observations. Simultaneous NUV and FUV detections exist for 145 stars in both GALEX bands. Our analyses of these data show that low-mass stars are typically more variable in the FUV than the NUV. Median variability increases with later spectral types in the NUV with no clear trend in the FUV. We find evidence that flares increase the FUV flux density far more than the NUV flux density, leading to variable FUV to NUV flux density ratios in the GALEX bandpasses.The ratio of FUV to NUV flux is important for interpreting the presence of atmospheric molecules in planetary atmospheres such as oxygen and methane as a high FUV to NUV ratio may cause false-positive biosignature detections. This ratio of flux density in the GALEX bands spans three orders of magnitude in our sample, from 0.008 to 4.6, and is 1 to 2 orders of magnitude higher than for G dwarfs like the Sun. These results characterize the UV behavior for the largest set of low-mass stars to date.
Introduction
M dwarfs provide excellent laboratories for understanding the diversity of exoplanets as they represent 75% of the stars in the Milky Way (Bochanski et al. 2010) and are prime targets for the late-M star TRAPPIST-1 (Gillon et al. 2017) .
Despite all this, M dwarfs come with complications to characterizing exoplanets. For example, the deep convective zones of low-mass stars create non-uniform magnetic fields that rise above the stellar surface, expelling a large amount of energy in the chromosphere and corona. This energy bombards exoplanets with short-wavelength photons and high-energy particles from stellar winds. With such exposure to a variable and energetic environment, one cannot characterize an exoplanet's atmosphere and habitability without considering the full impact of the host star.
Several teams are studying the atmospheric response of planets exposed to strong emission and variability in the UV and X-ray as they are the most damaging wavelengths to atmospheric photochemistry (e.g. Miguel & Kaltenegger 2014; Rugheimer et al. 2015; Arney et al. 2016) . Models that use real UV spectra (e.g. France et al. 2013) show that detecting and understanding the sources of oxygen gas and other molecules requires knowing the depletion rate and ozone (O 3 ) build-up caused by the high-energy radiation from the host star. This is especially true when molecular lines are being used to infer biological processes (Rugheimer et al. 2015; .
In an extreme case, Segura et al. (2010) investigated the effect of the strongest UV flare (10 33 -10 34 ergs) observed from the very active M dwarf, AD Leo, on the atmosphere of an Earth-like planet in the HZ. They observed a several orders of magnitude decrease in upper-atmosphere O 3 and water abundances within a day with smaller scale fluctuations leading to equilibrium over the course of a year following the flaring event. Even for stars deemed "inactive", due to the lack of Hα emission, time-tagged Hubble Space Telescope (HST ) UV spectra from four M dwarf planet hosts displayed changes in emission lines ranging from 50 -500% on the order of minutes Loyd & France 2014) .
For stars that are K7 or later, the published relationships between contemporaneous UV bands and variability are limited to samples of less than 10 stars (Mitra-Kraev et al. 2005; France et al. 2016) . Monitoring programs for a large sample of M dwarfs are challenging to execute with HST and there are limited resources for studying these objects at very short wavelengths. Measuring the UV flux from M dwarfs needs to be extended to a significantly larger sample of stars to understand the full range of emission levels and variability.
The space-based telescope Galaxy Evolution Explorer (GALEX, Morrissey et al. 2005) provides the opportunity to study a much larger sample of M dwarfs than has been possible before. Operational from 2003 to 2012, GALEX tiled over 2/3 of the sky with two UV filters, often simultaneously, with 1.2
• -diameter images, capturing UV data for hundreds of low-mass stars. The near-ultraviolet (NUV; 1771 -2831Å) and far-ultraviolet (FUV; 1344 -1786Å) bands are excellent probes for high energy stellar activity because they are composed of emission lines formed in the chromosphere and corona of stars (Kretzschmar et al. 2009; Welsh et al. 2006) . Previous variability studies have been conducted with GALEX , but focus on a small set of low-mass stars (Wheatley et al. 2008) . In this second paper of HAbitable Zones and M dwarf Activity across Time (HAZMAT) series, we use archived data from both GALEX photometric bands to measure the variability of 376 low-mass stars with spectral types ranging from K7 to M7, and analyze the relationship between the NUV and FUV emission for simultaneous and time-resolved observations.
Low-Mass Star Sample and GALEX Data
Our target list consisted of 1124 low-mass stars with photometric distances out to 25 pc of Earth assuming field ages (Reid et al. 2007 ). Once accounting for the young stars in the sample whose distances are in fact slightly further, all targets are within 30 pc. Ages were primarily taken from the HAZMAT I paper, and Stelzer et al. (2013) and when available parallactic distances were compiled from Shkolnik et al. (2009) , Shkolnik et al. (2012) and the Hipparcos catalogue (Perryman et al. 1997) .
Most of the spectral type identifications are from Reid et al. (2007) and these identifications were then confirmed with a literature search. If no spectral identification was available from the original list, a literature measurement is taken with a preference for optical identifications. There are sometimes discrepancies between published stel-lar types, therefore measurements from large surveys such as the Palomar/MSU survey (Reid et al. 1995 , Hawley et al. (1996 ) and Meeting the Cool Neighbors Series (Reid & Cruz 2002) are primarily used for consistency. All references for spectral types are listed in Table 1 . The seven stars with an "M:" spectral type designation either do not have a literature measurement or have discrepant published values with a > 1 spectral type subclass difference. These stars are excluded from the analysis regarding spectral type and GALEX band correlations. Table 1 Low-Mass Stars with Multiple GALEX Note.-In the reference column, the first number is the spectral type reference and the second is the age reference. Reference numbers: 1. Reid et al. (2007) 2. Reid et al. (1995) , Hawley et al. (1996) 
UV Observations

GALEX Photometry
The GALEX pipeline performs photometry on all recognized sources within the field of view for every exposure (Morrissey et al. 2007 ). We queried the archive 1 for all observations within a 5 radius centered around a target's proper motion corrected coordinates. If the cone search yielded multiple observations for a target at the same point in time, the observation closest to the coordinates were taken. Detections with a signal-to-noise of less than two were removed. GALEX observed 55% of the stars in our target list. In the NUV band, 36% of the targets had at least two observations. In the FUV, 30% were observed two or more times. Known spectroscopic binaries, visual binaries and background galaxies within the 5 GALEX NUV point spread function were removed from our analysis.
A non-linear response is recorded on the GALEX detector when a count rate over 108 counts/s in the NUV or 34 counts/s in the FUV was reached (Morrissey et al. 2007 ). 2034 observations were taken in the NUV band. One NUV data point was removed for non-linearity and 54 were removed due to either reflections or ghosting on the NUV detector.
2 There were 1403 FUV observations and only one point was removed for non-linearity. After these cuts, we were left with 357 and 303 stars with at least two reliable observations in the NUV and FUV band, respectively. At total of 1497 NUV and 1035 FUV observations were used in this analysis. Stars that are M5 and earlier represent 96% of the stars with multiple detections in both photometric bands. None of the eight M8 or later stars from the original list have multiple GALEX detections (Figure 1) . Two examples of NUV and FUV light curves are shown in Figure 2 .
The reported quantities from the GALEX pipeline were used to estimate the upper limits, ensuring that all flux limits were extracted and calibrated in the same fashion. The 2σ errors from nearby detections within 10 and no GALEX artifact flags can be used to estimate the upper limit of a non-detection. Upper limits were calculated for 0.9% of the NUV and 59% of the FUV observations for stars in our sample with multiple detections. The non-detection rate is 1% higher in both bands when considering stars with at least one detection. With these detection rates, we achieved a volume limited sample in the NUV. The sample in the FUV is magnitude limited and we discuss the effect of this in Section 3.2.
Variability Analysis
The median number of detections for the NUV and FUV band is 3 and 1 respectively (Figure 3) . This makes it difficult to characterize specific sources of a star's variability for each target such as rotation, flaring or changes in its activity cycle. For those with at least two observations, the time span between observations ranges from two minutes to the full eight year mission. In order to systematically study the variability of the sample we computed the median absolute deviation divided by the median (MAD rel ) for the NUV and FUV flux densities for each target. We also report the maximum and minimum flux densities for each star in Table 1 . Note that the minimum flux density may be from a detection or an upper limit.
The GALEX pipeline calibrates flux densities and magnitudes to 18 white dwarf standards (Morrissey et al. 2007) , which are assumed to be invariant and ideal UV flux calibrators (Harris et al. 1988 ). However, we still measure variability in the light curves of the 18 GALEX standard white dwarfs and the white dwarfs from the Villanova Catalog of Spectroscopically Identified White Dwarfs (McCook & Sion 1999) . We calculated the MAD rel of 1225 white dwarfs in the NUV and 952 white dwarfs in the FUV to cover a wide range of GALEX magnitudes.
3 We measured MAD rel to be 2.1% and 3.5% for the NUV and FUV band, respectively. These photometric errors were added to the MAD rel uncertainties for all target stars in our analysis.
A summary of the variability results for individual targets with multiple detections are listed in Table 1 . The results binned by spectral type are listed in Table 2 Fig. 2.-NUV (grey) and FUV (red) observed flux density light curves for UV Cet (top) and G166-49 (bottom). The ratio of FUV to NUV flux density ([f F U V /f N U V ] G )is plotted with black dots below the light curves. The error bars are shown on the data points in black and magenta, for the flux densities and flux density ratios respectively. The units of time are different between both light curves. The NUV and FUV flux densities are typically correlated, but there is a strong flare on UV Cet where the FUV emission spikes compared to the NUV emission.
NUV Variability
For stars with multiple observations, the median MAD rel in the NUV band is 11%, with the largest observed change at 76%. Within each spectral type bin, there is a wide range of variability, with the span increasing with later spectral type (Figure 4 ). M0s have a median variation of 4% and M4s have a median variation of 16%. The K7, M6, and M7 bins are each represented by less than a dozen stars. The remaining bins each have between 20 and 85 stars (Figure 1) .
Fifteen percent of the stars with multiple NUV detections are young (≤ 300 Myr). Young stars are known to have higher levels of UV emission in the GALEX bandpasses relative to older stars (Shkolnik et al. 2011; Stelzer et al. 2013 ; Shkol- nik & Barman 2014). We observe no significant difference between the median variability for each spectral type between the old and young populations.
The ratio of maximum flux density to minimum flux density (MAX/MIN) has a larger spread and amplitude at later spectral types in the NUV band ( Figure 5 ). The four stars with a MAX/MIN ratio >10 are GJ1167A, GJ3856, LHS3776, and LHS5226. The largest MAX/MIN value was 76.3, produced by GJ1167A. In the case of these stars, there are distinct flares in the light curves. This is indicated by sharp changes over the course of hours or large deviations from the apparent baseline of each star.
FUV Variability
We performed the same variability analysis for the FUV observations as we did for the NUV twice, with and without upper limits because 59% of the observations were non-detections. The FUV variability spans from 0.1% to 88% when the upper limits are included. The median activity in the FUV bandpass is 16%, which is slightly higher than the NUV value. The distribution of FUV variability without upper limits falls completely within the NUV distribution, although the median activity is higher (Figure 6 ). The maximum range of MAD rel goes down to 57% when the upper limits are removed. In the latter case, the data may be biased to only the brightest and perhaps most active FUV emitters. There remains no significant difference between old and young stars for the overall median levels of variability across spectral types. There is a slight trend between increased variability and later spectral type when upper limits are included, but no clear trend between variability and spectral type when the upper limits are excluded (Figure 4 ). The spread in variability between the NUV band and FUV band (with and without upper limits) for each spectral is not significantly different (Figure 7) .
The ratio of maximum flux density to minimum flux density (MAX/MIN) has a larger spread and amplitude at later spectral types in the FUV band ( Figure 5 ). The four stars that have a MAX/MIN ratio >10 are GJ1167A, LHS3776, LHS5094, and UV Cet. The FUV light curves of these stars also show evidence of flaring based on sharp hourly changes and/or large deviations form an apparent baseline. LHS5226 and GJ3856 do not have detections or upper limits in the FUV despite having relatively high NUV MAX/MIN values. LHS3776 has the largest MAX/MIN in the FUV with a value of 30.0, which is higher than its NUV MAX/MIN value of 24.7. Both LHS5094 and UV Cet have MAX/MIN values in the NUV but they have smaller values, 7.3 and 1.2 respectively.
GALEX FUV and NUV Correlations and Ratios
Correlations between activity indicators are useful in understanding the physics of stellar atmospheres, as well as providing tools with which to predict one activity diagnostic with the other when it is not observable or detectable. GALEX recorded 393 simultaneous NUV and FUV observations for 145 stars, providing a unique data set with which to search for correlations between the two activity indicators. Detections are consid- ered simultaneous by having the same GALEX reported time, which is precise down to the second. There are significantly fewer FUV detections than NUV detections because: (1) M dwarfs are typically less luminous in the FUV and (2) the GALEX FUV detector failed six years into the mission, while the NUV band continued operating for another four years.
We scaled the NUV and FUV detections to 10 pc and subtracted each observation by the photospheric contribution as done by to determine the "excess" emission from the stellar upper atmosphere (i.e., the chromosphere, transition region and corona). This is achieved by using the PHOENIX photospheric models (Hauschildt et al. 1997; Short & Hauschildt 2005 ) for a given stellar effective temperature and age.
We converted the published spectral type to effective temperature by interpolating the relationships measured by Luhman (1999) and SchmidtKaler (1982) and compiled by Kraus & Hillenbrand (2007) . Ages were adopted from the literature with the references listed in Table 1 . If there is no reported age for a star, we assume it to be the average age of the field, 5 Gyr. The differences are usually negligible between the observed and excess flux densities as shown in Figure 8 . On average, the fraction of the model photospheric emission of the observed emission is 4% and 7×10 −4 % in the NUV and FUV bands, respectively. As discussed earlier, previously published correlations rely on data sets taken at different times, which introduces excess scatter due to varying activity levels between observations. In Figure 9 , we plot all the NUV excess flux densities with simultaneous FUV detections scaled to 10 pc (f F U V , f N U V ). A least squares fit to the excess flux densities produces the following correlation:
where constants A and B are 0.75 ± 0.04 and -0.14 ± 0.07, respectively. The range of excess flux density covers three orders of magnitude (Table 3, Figure 9 ) with the M3 -M5 population spanning the entire range of UV emission. K7 -M1 stars have the highest levels of NUV and FUV excess flux densities, and deviate the most from the collection of stars. Figure 10 (top) shows the scaled NUV and FUV observed flux densities plotted against effective temperature. There is an increase of flux density with effective temperature in both GALEX bands with young (≤300 Myr) stars emitting more emission than older stars. These trends are consistent with the work of and Ansdell et al. (2015) , who used averaged GALEX flux densities. Despite later M stars showing more variability (in the NUV), they emit less excess UV emission in both GALEX bands. that the FUV band does not include the Lyman-α line where M dwarfs emit a significant portion of energy . Although cooler stars produce less UV emission overall, both integrated and flux density ratios decrease at higher effective temperatures (Figure 10 ; bottom). This trend has also been seen in work by France et al. (2016) . The average GALEX flux density ratios for G types stars is 0.01 (Shkolnik 2013) , whereas the average flux density ratio for our sample is 31 times higher Nine stars with at least five simultaneous NUV and FUV detections were investigated individually to see how well their observations match the best fit line found using all simultaneous data of the same spectral type. The FUV and NUV flux densities of these stars are plotted in Figure 11 . Five of the stars show comparable correlations to their respective spectral type, but four have observations which appear as a scatter plot. For three of the nine stars, we observe an order of magnitude spread in emission in one or both of the GALEX bands. UV Cet (M5.5) and G166-49 (M3) have the highest signal to noise and time resolution of the nine targets (Figure 2 ). In Figure 11 (top), all of UV Cet's data points follow near the best fit line for M5s, except for one observation when only the FUV emission increases by an order of magnitude. This causes [f F U V /f N U V ] G to jump from a baseline of ∼0.5 to 4.6. Such a sharp increase in FUV activity over a few hours is most likely due to a flare.
Conclusions
We analyzed the 377 low-mass stars within 30 pc with multiple photometric observations in the GALEX archive to characterize the stellar variability with the NUV and FUV bandpasses. The timing between the observations for each target ranges from minutes to years with a median time between observations of about a year. There were simultaneous NUV and FUV observations for 145 of the stars, which we used to measure the correlation between NUV and FUV emission for each spectral type and the variations in the GALEX FUV to NUV ratio.
The summary of our findings includes: UV Variability: The median variation as measured by the relative median absolute deviation (MAD rel ) in the NUV flux density is 11% for the entire sample, and 16% for the FUV flux density. The median level of stellar variability in the NUV bandpass increases with later spectral type, from 4% for M0s to 21% for M5s. When upper limits are included, there is a slight trend between increased variability and later spectral type for the FUV band. There is no clear trend with spectral type when upper limits are not used. The median variability is 16% for M0s and 15% for M5s.The variability in the NUV and FUV is not significantly different for the young stars (≤300 Myr) compared to the old stars in our sample. The ratio of maximum flux density to minimum flux density has a larger spread at later spectral types for both the NUV and FUV bands.
GALEX FUV and NUV Correlations: The excess FUV and NUV flux densities (i.e. with effective temperature dependent photospheric emission substracted) are correlated for stars with spectral types between M1 and M6. In these cases, the NUV emission can act as a proxy for the FUV when there are no FUV observations or detections. K7, M0 and M7 stars show no clear correlation in our data set, possibly due to the low numbers Table 3. of stars in each bin and their narrower range in emission levels.
The average of FUV to NUV flux density ratio of our lowmass stars are 31 times higher than the average for G-stars measured with GALEX , bolstering the need to measure such ratios for the low-mass stars that host HZ planets with atmospheres in which observers will seek oxygen. Tian et al. (2014) calculated that under these UV conditions, O 2 and O 3 could be 2-3 orders of magnitude greater than in the atmospheres of HZ planets around Sun-like stars producing a potential false-positive detection of a biosignature (Harman et al. 2015) . In a few cases, likely during a flare, we see significant deviation of the GALEX [f F U V /f N U V ] G ratio from the norm for a given star reaching levels >1. We also observe that on average, GALEX [f F U V /f N U V ] G and [F F U V /F N U V ] G for each observation increases for later spectral types with. For M0s f F U V /f N U V has a median value of 0.08 and M4s has a median value of 0.28.
These results characterize the UV behavior for the largest set of low-mass stars to date. The statistical FUV and NUV variability levels, correlations and ratios will aid in our understanding of the high-energy radiation environment of exoplanets. Future studies with greater time resolution and temporal coverage should reliably distinguish between baseline emission and modulation due to rotation, flaring and stellar activity cycles, especially valuable for a particular exoplanetary system of interest. This will require building dedicated UV telescopes that can observe a sizable population of low-mass stars and monitor choice planet hosts for weeks at a time. Understanding 2800 3000 3200 3400 3600 3800 4000 4200
Temperature (K) such stellar activity will become especially important when missions like the James Webb Space Telescope begin to search for biosignatures in the spectra of HZ planets around low-mass stars.
6. Acknowledgements Table 3 . Note: the x and y axis scales are different for most stars. 
